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Abstract 
Pilot and industrial scale dilute acid pretreatment data can be difficult to obtain 
due to the significant infrastructure investment required. Consequently, models 
of dilute acid pretreatment by necessity use laboratory scale data to determine 
kinetic parameters and make predictions about optimal pretreatment conditions 
at larger scales. In order for these recommendations to be meaningful, the 
ability of laboratory scale models to predict pilot and industrial scale yields 
must be investigated. 
A mathematical model of the dilute acid pretreatment of sugarcane bagasse has 
previously been developed by the authors. This model was able to successfully 
reproduce the experimental yields of xylose and short chain xylooligomers 
obtained at the laboratory scale. In this paper, the ability of the model to 
reproduce pilot scale yield and composition data is examined. It was found that 
in general the model over predicted the pilot scale reactor yields by a 
significant margin. 
Models that appear very promising at the laboratory scale may have limitations 
when predicting yields on a pilot or industrial scale. It is difficult to comment 
whether there are any consistent trends in optimal operating conditions 
between reactor scale and laboratory scale hydrolysis due to the limited reactor 
datasets available. Further investigation is needed to determine whether the 
model has some efficacy when the kinetic parameters are re-evaluated by 
parameter fitting to reactor scale data, however, this requires the compilation of 
larger datasets. Alternatively, laboratory scale mathematical models may have 
enhanced utility for predicting larger scale reactor performance if bulk mass 
transport and fluid flow considerations are incorporated into the fibre scale 
equations. This work reinforces the need for appropriate attention to be paid to 
pilot scale experimental development when moving from laboratory to pilot 
and industrial scales for new technologies. 
Introduction 
 Sugarcane bagasse is an abundant lignocellulosic agricultural residue that is a 
potential feedstock for commercial bioethanol production (Parameswaran, 2009). Using 
sugarcane bagasse to produce biofuels and other bioproducts is advantageous because it has 
the potential to convert a low value by-product of the sugar industry into value-added 
products. Also, as a residue of an existing process, sugarcane bagasse does not compete with 
food crops for land/resources (Nigam and Singh, 2011).  
 Ethanol is obtained by the fermentation of glucose that is produced when the 
cellulosic material in the sugarcane bagasse is hydrolysed, usually by enzymes. Inside the 
plant cell wall, however, cellulose is not readily accessible by these enzymes as it is coated 
with hemicellulose and is tethered within a lignin matrix (Albersheim et al., 2011; O'Hara et 
al., 2011). Pretreating the bagasse with dilute acid removes hemicelluloses from the cell wall 
and thus increases the accessible surface area of cellulose. Moreover, enzymes have been 
developed to facilitate the fermentation of xylose alongside glucose to further enhance the 
bioethanol yield (Mohagheghi et al., 2002; Lawford and Rousseau, 2002). Consequently, 
maximising the yield of xylose obtained through hydrolysis has a two-fold impact upon 
effective bioethanol production. 
 Pretreatment contributes significant overheads to the overall cost of bioethanol 
production and hence must be optimised (Yang and Wyman, 2008). Mathematical models 
such as the Saeman model or the biphasic model are commonly used to predict the best 
operating conditions for maximising xylose yield due to dilute acid hydrolysis, thus making 
the pretreatment process more efficient (Saeman, 1945; Kobayashi and Sakai, 1956). 
However, the validity of these models is often tested against laboratory (bench) scale reactor 
data due to the resource outlay required to obtain pilot and industrial sized reactor data. Here 
we investigate whether a model capable of predicting optimal yields at a laboratory scale is 
capable of reproducing data from a pilot scale reactor and thus whether such models can be 
used to predict optimal industrial reactor operating conditions. 
The model 
 Greenwood et al. (2015) developed a laboratory scale model describing the dilute acid 
hydrolysis of sugarcane bagasse fibres. This model incorporates hydrolysis kinetics, diffusion 
of xylooligomers, xylose, and furfural and the time evolution of the porosity of the fibre. 
Hemicellulose was approximated by a linear xylan chain and hence it was possible to capture 
the reaction kinetics with polymer degradation equations (Simha, 1941), amalgamated with 
the hard-to-hydrolyse kinetics of Kobayashi and Sakai (1956). Two classes of xylan were 
considered, solid xylan and aqueous xylooligomers. Xylooligomers represent chains of length 
i ≤ m. All chains of length m+1 ≤ i ≤ N exist in the solid fraction, where  N is the maximum 
length of xylan. The dependent variables φi (s) (i = m+1, m+2…,N), φi (aq) (i = 1,2,…,m), φF  
and εv represent the concentration of solid chains of length i (kg/m3), the concentration of  
aqueous chains of length i (kg/m3), the concentration of furfural (kg/m3),  and the porosity of 
the material (the volume fraction of the porous region of the bagasse) respectively. 
Importantly, in order to approximate biphasic kinetics, we assume that some fraction of the 
intial material, α(T), is not susceptible to hydrolysis. The derivation of the model equations 
and parameters is explained in the authors’ previous work  (Greenwood et al., 2015; 
Greenwood et al., 2013).  
The model described in (Greenwood et al., 2015) was shown to be able to accurately 
reproduce time series of experimental short chain oligomer yield data between 110 °C – 140 
°C with 0.5% (w/w) sulfuric acid. Crucially, unlike other oligomeric models of hydrolysis, 
this good correlation between the model and experimental xylooligomer yields was obtained 
by fitting only four parameters: ka the rate of solid xylan degradation; kb the rate of aqueous 
xylooligomer degradation; kd the rate of xylose degradation and α the “hard-to-hydrolyse” 
fraction. The model also demonstrated significant potential for predicting xylose yields 
outside of this temperature range (Greenwood et al., 2015). An example of these results is 
given in Figure 1 which depicts the comparison between model-predicted yields and 
experimental xylooligomer yields at 110 °C.  The model and experimental data points in 
Figure 1 are very well correlated for xylose, and reasonably in alignment for chains with DP 
2-4. 
 
 
Fig. 1 - Continuous lines represent xylooligomer and xylose yields predicted by the model of 
Greenwood et al. (2015) at 110 °C compared to experimental data (symbols). Here the rate 
parameters were ka = 2.063x10-4, kb = 1.543 x10-5, kd = 7.962 x10-9 (m3/mol.s), with α = 
0.320. 
  Consequently, the model may be used to predict optimal laboratory scale conditions 
to maximise the yield of xylose obtained by dilute acid hydrolysis. Figure 2 demonstrates the 
xylose yields predicted by the model for a range of operating temperatures (100 °C – 170 °C) 
and residence times (0 – 120 min) where the sulfuric acid concentration was fixed at 0.5% 
w/w. The highest yield of 85.1% was predicted to occur at 160 °C after 10 mins. Reactions 
under 120 °C proved to be particularly time consuming at such a low sulfuric acid 
concentration, and hence low temperatures may need to be avoided if hydrolysis is to occur 
within a realistic timeframe.  In general, above 120 °C there appears to be a tradeoff between 
the two reactor variables studied. At longer residence times, good yields appear to be able to 
be achieved even at moderate temperatures. High temperatures coupled with short residence 
times seem to produce the best xylose yield results, however, at high temperatures xylose is 
lost to degradation products much more quickly and thus the reaction must be quenched 
expeditiously. 
 
 
Fig. 2 – Model-predicted xylose yields (%) for temperature between 100 °C and 170 °C and 
residence time from 0 to 120 min, with fixed acid concentration (0.5 % w/w). The parameters 
ka(T), kb(T), kd(T), and α(T) were obtained using Equations (6) and (14) of Greenwood et al. 
(2015). 
 
 
 
Results and discussion: The reactor scale 
 Schell et al., (2003) conducted dilute acid pretreatment experiments on corn stover in 
a pilot scale unagitated continuous reactor. For temperatures between 165 °C and 195 °C, 
sulfuric acid concentrations in the range of 0.5 – 1.4% (w/w) and residence times ranging 
from 3 to 12 min, a maximum xylose yield of only 71% was recorded. This was in constrast 
with previous batch reactor studies that found maximum xylose yields of 80-90% could be 
obtained from corn stover at the laboratory scale for similar (or even less severe) operating 
conditions (Esteghlalian et al., 1997; Chen, et al., 1996). Schell et al. proposed that such 
discrepancies were possibly due to the comparison of different reactor types with disparate 
solid loadings. However, it is also possible that there are phenomena occurring at the pilot 
reactor scale that contribute to this reduced yield, that did not exist or were minimised at the 
laboratory scale. 
 In the project reported here, we investigated the utility at the pilot scale of the model 
presented in the previous section. This was achieved by comparing results predicted by the 
model to two sets of pilot scale reactor data; Set A (Z. Zhang, unpublished) and Set B 
(Vasconcelos et al., 2013) (Table 1). Sugarcane bagasse was the feedstock for both Set A and 
Set B. Set A requires the model to predict the normalised composition of xylan in bagasse. 
The percentage of the solid residue composed of hemicelluloses at time, t, can be calculated 
from the model by the following relationship: 
%	Composition (v/v) = 1 െ ߝ௩̅	ሺݐሻ െ ܨ෠1 െ ߝ௩̅	ሺݐሻ 	×	100, 
where ܨ෠ is the volume fraction of the lignocellulose component of bagasse and ߝv̅(t) is the 
spatial average of porosity across the fibre at time, t, given by: 
ߝ௩̅ሺݐሻ ൌ 	
∑ ߝ௩	ሺݎ௜, ݐሻோ෠೔௜ୀଵ ෠ܴ௜ , 
where ෠ܴ௜ represents the number of spatial nodes in the fibre. It must be noted that, in the 
absence of density data for xylan and lignin, this volumetric measure of percentage 
composition was assumed to be comparable with the mass composition data that was 
available. Fibre size was not stated in the literature, hence it was assumed that the average 
radius of the sugarcane bagasse fibres, ܴ௜, was 3.75 x 10-4 m in both cases in line with the 
average fibre radius of the bagasse hydrolysed at the laboratory scale (as per the dataset in 
Figure 1). Set B requires that the model predict the yield of solubilised xylan, Xs (%), which 
can be obtained from the expression: 
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 Table 1 Experimental results obtained from reactor scale studies of the dilute acid 
pretreatment of sugarcane bagasse 
 
SET A* (Z. Zhang, unpublished) SET B (Vasconcelos et al., 2013) 
T (°C) H2SO4 
(% w/w) 
Xylan content of 
hydrolysed 
bagasse (%) 
T (°C) H3PO4  
(% w/v) 
Time 
(min) 
Xylan 
solubilisation (%) 
110 0.4 13.6 144 0.05 8 46.70 
 0.8 5.3   24 42.77 
 1.6 4.9  0.2 8 60.54 
 3.2 5.8   24 64.52 
130 0.2 13.9 165 0.13 16 85.71 
 0.4 8.6   16 85.41 
 0.8 5.1   16 83.53 
 1.6 5.1 186 0.05 8 93.25 
150 0.1 12.3   24 94.95 
 0.2 9.1  0.2 8 96.46 
 0.4 2.9   24 97.63 
 0.8 2.3 - - - - 
Normalised initial compositions 
G: 46.7% X: 23.6% L: 29.7% G: 46.6% X: 31.9% L: 21.5% 
Liquid:solid loading 
6:1 (w/w) or 9:1 (v/v)† 20:1 (w/v) or 33:1 (v/v)† 
* 15 minute runtime for all experiments 
†Calculated assuming ρbagasse = 1.51x103 kg/m3 (Pidduck, 1955) and ρH2O = 9.97x102 kg/m3 at 
SLC. 
 
 
 
Table 2 Model-predicted solubilised xylan (Xs) 
T (°C) Acid (% w/w) Time (min) Xs (%) 
144 0.05 8 95.24 
  24 95.45 
 0.2 8 95.45 
  24 95.45 
165 0.13 16 98.72 
186 0.05 8 99.64 
  24 99.64 
 0.2 8 99.64 
  24 99.64 
 
  
Fig. 3 - Comparison between predicted xylan content remaining in hydrolysed bagasse and 
experimentally measured composition data at 15 minutes residence time across 4 acid 
concentrations for each of the three temperatures tested, 110 ºC, 130 ºC, and 150 ºC. 
Figure 3 compares the bagasse composition data from Set A in Table 1 to the 
equivalent model predictions after 15 minutes of acid hydrolysis. There is very little 
correlation between the experimental and model results. Although there is only a small 
dataset to observe, the experimental data appear to be influenced by both acid concentration 
and temperature; the temperature seems to be somewhat influential in determining the 
maximum conversion of hemicelluloses, while both temperature and acid concentration 
appear to influence the rate at which this conversion is achieved (as might be expected). The 
model results do not demonstrate a dependence on concentration except at the lowest 
temperature. Also, except at 110 °C, the model predicts greater hemicellulose hydrolysation 
than recorded. It is noted that the data in Figure 3 have been collected at a single time point 
and hence it is difficult to make conclusions as to the temporal behaviour of the system. 
 The modelled Set B values for hydrolysate solubilised are collated in Table 2. It can 
be seen that the model substantially over predicts the yield except at the most severe reaction 
conditions. The observation that the model predicted almost complete solubilisation of xylan 
after only 8 minutes can likely be attributed to the fact that the rate of solid chain degradation, 
ka, is quite large.  It is difficult to determine whether the difference between the predicted and 
experimental yields would be as dramatic if the comparison was made between monomeric 
yields. Since the rate constant for aqueous chain hydrolysis, kb is much smaller than ka, 
aqueous chains do not degrade as quickly, allowing for the model to predict reasonable 
xylooligomer yields at the laboratory scale (as demonstrated in Figure 1). It must be noted, 
that a comparison has been made here between a model that was calibrated against sulfuric 
acid yields, and experimental results obtained using a different acid catalyst, phosphoric acid. 
Since the catalytic effect of acid is represented in the model by the concentration of hydrogen 
ions, the model does not discriminate between different acids so long as their relative strength 
of dissociation is understood. Since sulfuric acid is stronger than phosphoric acid, the 
presumption of full dissociation of the first proton may not apply when modelling phosphoric 
acid in Set B. Consequently, this may also contribute to the discrepancies seen between the 
modelled and SET B experimental yields, however, Set A demonstrates that this is not the 
only contributing factor.  
The results have identified three potential sources of discrepancy between the predicted and 
measured results: 
1) The formulation of the model equations and the associated parameters 
 The model showed significant promise when compared to laboratory scale 
xylooligomer data. However, the experimental data considered in this paper were 
concerned with quantifying hydrolysis in measures of solid xylan (i.e. composition 
data and total hemicellulose solubilised) rather than xylose yields. Although both data 
sets A and B are limited, it does appear as though at least the solid fraction of bagasse 
hydrolyses more slowly than predicted by the model. This suggests that ka, or ka/kb 
may need to be revisited (as discussed previously). However, another contributor to 
this phenomenon may be the maximum chain length parameter, N, or the chain length 
at which xylan solubilises, m. The longer the hemicellulose chain is presumed to be, 
the faster the solid phase reactions must occur to achieve the fixed experimental 
xylooligomer yields. Additionally, m determines how many chains react at the slower 
rate kB. Hemicellulose is quite polydisperse (O'Hara et al., 2011), and hence there is a 
reasonable probability of error in the current choice of N.  The authors are presently 
investigating the sensitivity of the model to changes in m and N. 
 
 Since the residence times examined here were quite short, it is difficult to 
determine whether the model over predicts the maximum yield, or whether this yield 
is just arrived at much too quickly in the model.  If it is the former, it may be a 
reflection of α(T) underestimating the proportion of unhydrolysable bagasse. The 
model uses diffusion to transport aqueous oligomers out of the fibre into the 
surrounding hydrolysate, and in a closed system (such as this) diffusion evens out the 
distribution of aqueous oligomers across the fibre and hydrolysate.  Consequently, if 
there is a high solids loading, diffusion may limit the yield of oligomers present in the 
hydrolysate. Therefore, the relationship between α(T) and the liquid to solid loading 
ratio is of interest.  The authors are currently investigating whether the 
homogenisation of monomer concentration across the domain caused by diffusion 
inadvertently influences the value of α(T) obtained from the fitting process since there 
may be competing effects of biomass recalcitrance and diffusion limiting the potential 
yield. A better temporal experimental profile would enhance the ability to make 
inferences about these behaviours.  
 
 It may also be a beneficial future exercise to refit the model parameters at the 
laboratory scale, making provisions for the inclusion of an experimental xylan profile 
in addition to the existing xylooligomer yields to further constrain the fitting space. At 
this stage the authors do not have sufficient experimental data to complete such an 
extension. 
 
2) Intrinsic differences between laboratory and industrial scale reactors 
 Another possibility is that the reactor and laboratory scale reaction 
environments are so different, that it is not feasible to use a laboratory scale model to 
reproduce the data.  It may be possible, however, to adapt the current model to 
incorporate reactor scale concerns such as fluid flow and mass transport (on the bulk 
scale).  Maloney et al. (1985) suggested that the rate of hemicellulose hydrolysis 
could be affected by transport limitations within the reacting substrate, and further 
proposed models for the hydrolysis of hardwood hemicellulose that incorporate mass 
transport and energy equations for three kinds of reactors, namely percolation, 
continuous co-current and counter-current (Maloney et al., 1986). The rheology of the 
bagasse in the reactor may also become a necessary consideration, especially at high 
solids loading. A study of acid hydrolysed corn stover found that yield stresses and 
plastic viscosities increased with increasing solids content (Ehrhardt et al., 2010). 
Consequently, there is potential for a separate fluid flow problem occurring at the 
reactor scale that should be coupled with the kinetics currently considered, not 
replaced by them. 
 
 Furthermore, it is likely that a number of assumptions imposed on the 
laboratory scale model will no longer be valid at the reactor scale. For example, it is 
assumed at the laboratory scale that bagasse fibres are fully saturated with acid 
solution (i.e. all pores are filled with acid) and hence there is excellent surface contact 
between the acid and the substrate. On the reactor scale, using large quantities of acid 
may become prohibitively expensive and thus, to minimise costs, increased solid 
loadings may be necessary. If the acid solution is not sufficiently in excess, full 
saturation of the bagasse can no longer be assumed. Furthermore, it is commonly 
assumed that the reactor is thermally homogeneous, but at an industrial scale this 
requires more careful consideration depending on the size, type and heating method of 
the reactor. 
  
3) Experimental errors 
 It is possible that experimental error contributed to the incongruity between 
the model and the data. Such errors, however, are not likely to be the primary 
contributor to discrepancies of the magnitude encountered.  In any case, a more robust 
and comprehensive data set would aid the interpretation of these discrepancies. 
Conclusions 
 A model that accurately reproduces monomer and short chain xylooligomer dilute 
acid hydrolysis yields at a laboratory scale was presented for comparison with reactor scale 
experimental data.  At the reactor scale the model was not capable of reproducing the 
available experimental data. More fundamentally, this indicates that laboratory scale data 
cannot be used to infer optimal industrial reactor conditions, and significant variations in 
experimental yields are to be expected when scaling up technology for dilute acid hydrolysis 
pretreatments.  
 Modelling is used to gain insight into the chemical and physical mechanisms of dilute 
acid pretreatment. However, a majority of modelling activities are conducted based on 
laboratory scale data.  Schell et al. (2003) demonstrated that the biphasic model could be 
applied at the pilot scale, when the rate parameters were obtained by fitting to the reactor 
scale data. Consequently, there is potential that the model presented here would be able to 
predict reactor scale yields if the parameter fitting were to be redone against reactor scale 
data. However, this is undesirable for two reasons: firstly, since experiments at an industrial 
level are more costly and resource intensive, obtaining a set of oligomer yield profiles 
sufficiently large to ensure robustness of the resultant fitting parameters may be 
impracticable; secondly, the kinetic equations of acid hydrolysis are based on fundamental 
chemical interactions. Consequently, it seems misguided to assume a different set of rate 
parameters for these reactions due to changes in the size and scope of the reaction vessel 
despite the biomass remaining unchanged. Therefore, it appears likely that there are new 
processes occurring at the reactor scale that should be investigated for inclusion into future 
models at this scale.  
 This work reinforces the need for appropriate attention to be paid to pilot scale 
experimental development when moving from laboratory to pilot and industrial scales for 
new technologies. 
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